A sequence motif that is conserved in a number of Sadenosylmethionine (SAM)-utilizing methyltransferases and is implicated in SAM binding was identified in the N-terminal portion of NS5 proteins offlaviviruses and in 22 protein of reovirus. An additional conserved motif was shared by these viral proteins and two distinct groups of methyltransferases including as the prototypes Rhodobaeter capsulatus hydroxyneurosporene methylase (ertF gene product) and yeast 3,4-dihydroxy-5-hexaprenylbenzoate methylase (COQ3 gene product), respectively. Statistically significant similarity was revealed between the region of flavivirus NS5 containing the SAM-binding motif and a newly characterized family of putative methyltransferases from bacteria, yeast and plants, which is related to the Coq3 group. Amino acid sequence signatures were derived that are unique for NS5 proteins and different subsets of (putative) cellular methyltransferases. It is hypothesized that the Nterminal domain of NS5 is a methyltransferase involved in viral RNA capping. Thus NS5 may be a two-domain protein, with its C-terminal domain comprising the RNA-dependent RNA polymerase. The putative methyltransferase domain of flaviviruses is unrelated to the methyltransferase domain previously characterized in positive-strand RNA viruses of the alphavirus-like supergroup. The lack of sequence similarity and different location of the putative methyltransferase domain underscores the drastic difference in the genome layout offlaviviruses and alphaviruses. The identification of the putative methyltransferase domain in reovirus 22 protein is compatible with the available evidence that this protein is the viral capping enzyme.
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Positive-strand RNA viruses encode a very limited number of proteins (domains) that show significant sequence conservation and fulfil key functions in virus genome replication and expression. The most prominent of these are RNA-dependent RNA polymerase, RNA helicase, and two types of proteases (Zimmern, 1988; Dolja & Carrington, 1992) . Recently, another domain was described that is specifically conserved in the socalled alpha-like supergroup of positive-strand RNA viruses and that is tentatively associated with methyltransferase activity required for cap formation in viral RNA (Rozanov et al., 1992) . The motifs typical of this domain demonstrated no appreciable similarity with any motifs found previously in cellular methyltransferases. In addition, sequences related to this putative methyltransferase domain could not be detected in proteins of other viruses that have capped plus-strand RNAs and are known, or at least assumed, to encode the enzymatic activities involved in cap formation. In addition to the t Permanent address: Institute of Microbiology, Russian Academy of Sciences, Moscow, Russia. alpha-like viruses, capped plus-strand RNA is typical of several groups of positive-strand RNA viruses, namely flaviviruses, pestiviruses, nodaviruses, corona-like viruses and numerous small plant viruses, e.g. carmoviruses and tombusviruses (for reviews, see Goldbach, 1987; Goldbach et al., 1991; David et al., 1992) . Also, cap-synthesizing activities have been demonstrated for the reovirus double-stranded RNA genome (Mao & Joklik, 1991) and for negative-strand RNA viruses with non-segmented genomes (Hercyk et al., 1988) . Delineation of the domains that are responsible for these activities is of obvious importance. Here, a putative methyltransferase domain is described that was identified in proteins of flaviviruses and reovirus and that is related to a class of cellular methyltransferases but not to the putative methyltransferases of alpha-like viruses.
Amino acid sequences were from current databases and were compared to the published sequences (see Fig.  2 ). Sequence database searches were performed using programs based on the BLAST algorithm (Altschul et al., 1990) . The BLASTP program was used to screen the amino acid sequence version of the Non-Redundant DataBase (NRDB; National Center for Biotechnology Information, NIH), and the TBLASTN program was used to screen the nucleotide sequence version of the NRDB. The program DBSITE (J.-M. Claverie, unpublished) was used to search the NRDB for conservation of sequence motifs. Additionally, individual sequences were searched for sequences resembling conserved motifs using the SITE program . This program converts a segment of alignment into a position-dependent weight matrix and segments scoring highest this matrix are found in query sequences. Multiple amino acid sequence alignments were generated using programs MACAW (Schuler et al., 1991) and OPTAL (Gorbalenya et al., 1989a) . Protein secondary structure was predicted using the Garnier algorithm as implemented in the GENEBEE package (Brodsky et al., 1991) . The motif that is best conserved in S-adenosylmethionine (SAM)-utilizing methyltransferases and is implicated in SAM binding consists of a glycine-rich loop preceded by a hydrophobic segment. Although I am unaware of experimental data revealing the actual function of this motif, its involvement in SAM binding appears to be very likely because of at least two considerations. First, this is the only region of detectable similarity among methyltransferases that methylate a wide variety of acceptors but all use the same donor of the methyl group, SAM. Second, the sequence and putative conformation of this site clearly resembles those typical of nucleotide-binding sites, making SAM binding its plausible function (Haydock et al., 1991; Wu et al., 1992) .
The signature UU [DE] xGxGxG (hereafter U designates a bulky aliphatic amino acid residue, and x is any residue) is conserved in most but not all SAMutilizing methyltransferases (Ingrosso et al., 1989; Haydock et al., 1991; Wu et al., 1992) . Unexpectedly, this signature was detected in NS5 proteins of all flaviviruses. The database search for sequences similar to the N-terminal portion of NS5 containing the putative SAM-binding motif revealed a moderate but statistically significant (probability of random matching below 10 -4 ) similarity with the product of an uncharacterized incomplete open reading frame (ORF) from Escherichia coli (hereafter YdhB, as designated by Kenn Rudd using his unpublished system for naming E. coli genes and proteins). More detailed comparisons of YdhB with NS5 sequences confirmed that they were relatively closely similar. For instance, the alignment shown in Fig. 1 contained 36.1% identity (54.2% similarity) between YdhB and a portion of the N-terminal domain of yellow fever virus (YFV) NS5 on an overlap of 72 amino acid residues, with 9.3 S.D. above the random expectation calculated using the OPTAL program. Such a degree of similarity to a cellular protein is not common among the proteins mediating genome replication and expression of positive-strand RNA viruses and is comparable only with the similarity observed between some of the viral and cellular helicases (Gorbalenya et al., 1988 (Gorbalenya et al., a, b, 1989 Koonin, 1991 a) .
Further database screening with the YdhB sequence led to delineation of a group of five closely related putative proteins from bacteria, yeast and a plant (Arabidopsis) containing a perfectly conserved specific version of the SAM-binding motif. This novel protein group was shown to be somewhat more distantly related to a family of O-methylases utilizing small molecules as substrates (yeast Coq3: 3,4-dihydroxy-5-hexaprenylbenzoate methyltransferase; E. coli UbiG: 3-demethylubiquinone-9-methyltransferase; Saccharopolyspora erythrea EryG : erythromycin methyltransferase; and YATI: an uncharacterized ORF from Synechococcus species). Alignment of three sequences of the new group with four sequences of the Coq3 family scored 13"9 S.D. A multiple alignment of all these proteins with NS5 was generated, with the convincing score of 9-4 S.D. against four representative flavivirus sequences. Inspection of the alignment revealed a number of partially conserved residues. In particular, a second short conserved motif with an invariant aspartic acid preceding a run of hydrophobic residues was noticed (Fig. 2) . Comparisons with other methyltransferases showed that this motif was shared by another family of O-methylases including as the prototype hydroxyneurosporene methylase (crtF gene product) from Rhodobacter capsulatus (Fig. 2) . Also, notable resemblance around the putative SAMbinding site was observed between NS5 and bacterial 23S rRNA adenine-N6-methylases although this similarity did not seem to extend towards the C termini (Fig. 2) . Based on the conservation in the SAM-binding motif, it was possible to define sequence signatures that were unique for NS5 and different subsets of methyltransferases (Table 1) . Secondary structure prediction showed a reasonable agreement between the methyl- Fig. 2 . Alignment of the putative methyltransferase domains in viral and cellular proteins. The complete alignment is shown for NS5 proteins of flaviviruses and the new group of putative methyltransferases related to YdhB. For reovirus type 3 22 protein, and for the Coq3 and CrtF groups of cellular methyltransferases, a shorter region is shown because no meaningful alignment could be obtained for the segment upstream from the putative SAM-binding motif. For the rRNA adenine-N6-methylases only the SAM-binding motif is shown since no significant similarity with other methyltransferases was observed in other portions of these proteins. The proteins that have not been previously identified as methyltransferases are marked by *. The consensus patterns were derived separately for the Coq3 group (consensus 1), the YdhB group (consensus 2), flavivirus NS5 proteins (consensus 3) and the CrtF family (consensus 4). Upper case, residues conserved in all sequences; lower case, residues conserved in at least 80 % of the sequences of the given group. The general CONSENSUS was derived using the same rules. Symbols: U designates a bulky aliphatic residue (I, L, V, M); @ designates an aromatic residue (F, Y, W); & designates a bulky hydrophobic residue (aliphatic or aromatic) ; and x designates any residue (no consensus). The transferases and the flavivirus proteins (Fig. 1) , particularly around the putative SAM-binding site which appeared to adopt a sheet-turn (loop) conformation resembling the typical conformation of nucleotidebinding sites (Haydock et al., 1991 ; Wu et al., 1992) .
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Inspection of the latest alignment of complete NS5 sequences (Cammisa-Parks et al., 1992) revealed considerable divergence in the N-terminal portion of this protein in contrast to the C-terminal portion that encompasses the conserved domain of the RNAdependent RNA polymerase (Koonin, 1991b) . Against this background, the putative SAM-binding site stood out, with 10 of 11 residues being invariant among 10 flavivirus sequences and the motif around the invariant aspartic acid was also notable, with 8 out of 10 residues being fully conserved. These observations suggested a crucial role in viral reproduction for each of these motifs.
The flavivirus genome RNA has a 5'-terminal type 1 cap (mVGpppAmp) but appears to lack any additional methylation (Chambers et al., 1990) . Thus it is possible that the N-terminal domain of NS5 is a methyltransferase involved in cap methylation and the whole protein is bifunctional, with the C-terminal domain having the polymerase function. Cap formation includes two methylation reactions, namely Nmethylation of the purine ring of the guanylate cap and O-methylation of the ribose of the capped adenylate. The putative methyltransferase domain of flaviviruses was more closely related to O-methylases but the putative SAM-binding motif also showed similarity to rRNA adenine-N6-methylases (Fig. 2) . It is tempting to speculate that the putative methyltransferase domain of NS5 mediates both methylation reactions during cap formation in viral RNA. Sequences of cellular enzymes involved in cap methylation are not yet available. The only known sequences of such enzymes are those of poxviruses, and they lack the putative SAM-binding motif (E. V. Koonin, unpublished observations). Comparison of the sequences of the putative methyltransferase domain of flaviviruses with functional counterparts encoded by cellular genes will be of much interest and may lead to more detailed predictions of the possible activity of the viral enzymes.
Although the database search for the putative SAMbinding motif did not identify any viral sequences other than those of flaviviruses, all available amino acid sequences from RNA viruses synthesizing capped RNAs were searched for segments resembling this motif using the SITE program. Somewhat unexpectedly, sequences related to the putative methyltransferase domain of flaviviruses could not be found in the polyproteins of pestiviruses (bovine viral diarrhoea virus, hog cholera virus), and hepatitis C virus (HCV), which are more closely related to flaviviruses than any other positivestrand RNA viruses (Collett et al., 1988; Gorbalenya et al., 1989a, b; Chambers et al., 1990; Koonin, 1991b) . Direct comparison of the N-terminal region of flavivirus NS5 with the pestivirus and HCV polyproteins also failed to show any similarity (not shown). The only RNA consensus secondary structure is shown where the prediction agreed for at least one-half of the sequences of the respective group: b, sheet; h, helix; c, coil; t, turn; ?, uncertainty. The putative SAM-binding motif (designated 1) and the second motif containing the invariant aspartic acid residue (designated 2) are boxed. Erythromycin resistance rRNA methylases viral sequence that did contain a segment resembling the SAM-binding motif was that of the reovirus 22 protein, the motif being located in the C-terminal portion of the protein (Fig. 2) . Alignment of the reovirus sequence with the combined sequences of flavivirus and cellular methyltransferases resulted in 5"7 S.D., which suggests that the relationship is distant but significant. 22 protein is the reovirus guanylyltransferase (Seliger et al., 1987; Mao & Joklik, 1991) , the activity of which has been tentatively mapped to the N-terminal region of the protein (Fausnaugh & Shatkin, 1990) . It has been suggested that 22 may also possess methyltransferase activity because it is the only reovirus protein that is labelled with radioactive 8-azido-SAM upon u.v.-irradiation of reovirus particles (Seliger et al., 1987) . Isolated 22 failed to methylate the cap in reovirus mRNA, however, and it has been suggested that interaction with other proteins in the virus core may be required for it to exert methyltransferase activity (Mao & Joklik, 1991) . The present finding is compatible with this hypothesis. 22 protein contains a sequence resembling the A motif of the purine NTP-binding pattern (Seliger et al., 1987; . This sequence lies directly after the C terminus of the methyltransferaserelated region presented in Fig. 2 (not shown). This fact, taken together with the lack of extended similarity between 22 and other NTP-binding proteins and the difficulties in identifying the B motif , means that the resemblance to the A motif may be fortuitous in this case. The putative methyltransferase domain is the second example, after the RNA-dependent RNA polymerases Bruenn, 1991; Koonin, 1992) , of sequence similarity between proteins involved in the replication of positive-strand and double-stranded RNA virus genomes.
Both flavivirus and reovirus proteins containing the putative methyltransferase domain have an additional potymerase and guanylyltransferase domain, respectively. This distinguishes them from most of the related cellular proteins, which typically have 200 to 300 amino acid residues and appear to have only methyltransferase activity, although some, e.g. the putative methyltransferases from Mycobacterium leprae and CrtF, are larger and may have additional functional domains. The location of the (putative) methyltransferase domain in related cellular and viral proteins is illustrated in Fig. 3 . The putative methyltransferase domain described here appears to be completely unrelated to the domain that has been described recently for the alpha-like supergroup of positive-strand RNA viruses (Rozanov et al., 1992) . In addition, the putative methyltransferase domain in flaviviruses and in alpha-like viruses is located quite differently relative to the universal RNA polymerase non-structural polyprotein and the C-terminal non-structural portion of the flavivirus (FLAVI) polyprotein. POL, RNA-dependent RNA polymerase; HELl, HEL2, RNA helicases of superfamilies 1 and 2, respectively (after Gorbalenya et al., 1989b) ; MTR1, MTR2, putative methyltransferase domains of alphaviruses and flaviviruses, respectively; CSP, chymotrypsin-related serine protease; PCP, papain-related cysteine protease. The triangles designate the polyprotein cleavage sites. The diagram is only roughly to scale.
domain. Fig. 4 shows a comparison of the domain organization of the non-structural polyprotein of alphaviruses and the C-terminal non-structural portion of the flavivirus genome polyprotein. The putative methyltransferase domain is located at the N terminus of the alphavirus polyprotein and comprises the N-terminal domain of the non-structural protein NSP1 whose Cterminal portion may encompass the guanylyltransferase activity and possibly additional functions required for replication (Rozanov et al., 1992 , and references therein). In contrast, the putative flavivirus methyltransferase domain delineated here resides closer to the C terminus of the polyprotein directly preceding the RNA polymerase domain. Before sequencing was possible alphaviruses and flaviviruses were included in a single virus family as two genera (Matthews, 1982) , but they were reclassified as two distinct families as the differences in expression strategy and genome organization became apparent (Francki et al., 1991) . Strikingly, comparative analysis of the flavivirus and alphavirus polyprotein sequences showed that the sequence similarity is limited to several moderately conserved motifs in the RNA polymerases (Koonin, 1991b) , and even more distantly related motifs in the RNA helicases (Gorbalenya et al., 1989 b) . Also, the only resemblance in the genome organization of the two virus families is the mutual location of the polymerase and helicase domains. The tentative identification of the methyltransferase domain of flaviviruses described here adds to this remarkable disparity. It has been shown previously that NS3 protein of flaviviruses is a bifunctional protein combining the protease and the helicase domains (Gorbalenya et al., 1989a, b; Preugschat et al., 1990; Wengler & Wengler, 1991) . The present analysis suggests that NS5, the other major protein involved in flavivirus genome replication and expression, may have an analogous type of organization. Verification of this notion by experimental analysis of the predicted methyltransferase domain will be of great interest.
Note added in proof. While the present work was being processed for publication, a study has been published demonstrating that the protein sequence designated here as YdhB is a portion of the E. coli cyclopropane fatty acid synthase, which has a SAM-dependent methylene transferase activity [Wang, A.- I am most grateful to Bobby Baum for inspiring this work by initially pointing out to me the presence of sequences resembling the putative SAM-binding motif in flavivirus and reovirus proteins, to Dr Kenn Rudd for encouragement and useful suggestions, to Dr Jean-Michel Claverie for providing the DBSITE program, and to Dr Laura Cisar for sending a preprint of her work.
